Effects of RF breakdown on the beam in a CLIC prototype accelerator structure 
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Understanding the effects of RF breakdown in high-gradient accelerator structures on the accel- 
erated beam is an extremely relevant aspect in the development of the Compact Linear Collider 
(CLIC) and is one of the main issues addressed at the Two-beam Test Stand at the CLIC Test Fa- 
cility 3 at CERN. During a RF breakdown large electro- magnetic fields are generated and produce 
parasitic magnetic fields which interact with the accelerated beam affecting its orbit and energy. 
We discuss here measurements of such effects observed on an electron beam accelerated in a CLIC 
prototype structure. Measurements of the trajectory of bunch-trains on a nanosecond time-scale 
showed fast changes in correspondence of breakdown which we compare with measurements of the 
relative beam spots on a scintillating screen. We identify different breakdown scenarios for which 
we offer an explanation based also on measurements of the power at the input and output ports 
of the accelerator structure. Finally we present the distribution of the magnitude of the observed 
changes in the beam orbit and we discuss its correlation with RF power and breakdown location in 
the accelerator structure. 



I. INTRODUCTION 

The Compact Linear Collider (CLIC) study aims to 
develop a linear accelerator to accelerate electrons and 
positrons to TeV scale energies [1]. In order to achieve 
this goal in a realistic and cost-effective way the acceler- 
ating gradient needs to be as high as 100 MV/m. This 
high gradient precludes the use of superconducting accel- 
erator structures [2] and therefore uses room-temperature 
X-band (12 GHz) technology. 

The extremely high accelerating gradient entails the 
presence of electric field strengths on the inner surfaces 
of the structures in excess of 200 MV/m [3] which causes 
field emission and even discharges, so-called RF break- 
down. The field emission is triggered from nano-metric 
imperfections on the structure walls which is observed 
as dark current during normal operation. It can ran- 
domly initiate an avalanche process which results in a RF 
breakdown. Breakdowns are a severe problem for the op- 
erational reliability of any accelerator, because an accel- 
erator structure with a discharge is effectively "shorted" 
and the RF power is refiected, thus reducing the available 
power to accelerate the beam. A second effect is that the 
strong currents flowing during the discharge cause flelds 
that deflect the beam. These processes were investigated 
earlier at SLAC where dark currents and breakdown in 
both waveguides and accelerator structures have been 
simulated [4-6]. It was found that transverse momen- 
tum can be transferred to the beam and its magnitude 
was experimentally measured up to 30 keV/c [7]. Unfor- 
tunately, no further details can be found in the published 
literature. 

In this report we present the flrst study of the ef- 
fect of discharges on the probe beam in the Two-beam 
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Test Stand (TBTS [8]) in the CLIC test facility CTF3 
at CERN [9]. We focus on the measurements of trans- 
verse kicks to the beam due to RF breakdown in a CLIC 
prototype accelerator structure, carried on at the TBTS 
during the CTF3 2012 run. 

The remainder of this report is organised as follows. 
First, we describe the experimental set-up, beam charac- 
teristics and diagnostics installed and used in the TBTS 
experiment. We then discuss the effect of the accelera- 
tion in the CLIC prototype accelerator structure (ACS) 
on a single bunch-train. Afterwards we present evidence 
for RF breakdown effects on the beam, showing and 
discussing measurements of a few selected examples of 
bunch-trains accelerated in a CLIC prototype accelerator 
structure while a breakdown occurs. Finally, the method- 
ology used for the analysis of the examples of breakdown 
presented is applied to a bigger data set for which we dis- 
cuss the distribution of transverse kick magnitude and its 
correlation with with RF power and breakdown location 
in the accelerator structure. 



II. CLIC AND CTF3 

The experiments we discuss were performed at CTF3 
which was constructed in a collaborative effort in order 
to address several key issues of the CLIC design: the dis- 
charges in the accelerator structures is one of them and 
the experimental veriflcation of the two-beam accelera- 
tion scheme is another. The latter is based on extrac- 
tion of RF power from a moderate energy, high-current 
electron beam called drive beam, and transfer of such 
power to a low-current beam called main beam which is 
accelerated. The drive beam is decelerated in so-called 
Power Extraction and Transfer Structures (PETS) pro- 
viding multi-MW 12 GHz radio frequency at the expense 
of the drive beam energy [10]. This setup is mimicked 
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TABLE 1. Summary of CLIC and CTF3 beam parameters. 



CLIC nominal CTF3 2012 



Drive beam 

current 
energy 

bunch frequency 
Main/Probe beam 

current 
energy 

bunch frequency 



101 A 
2.4 GeV 
12 GHz 

1 A 
9 GeV 
2 GHz 



28 A 
150 MeV 
12 GHz 

0.2 A 
180 MeV 
1.5 GHz 



in CTF3 where the drive beam is passed through an ex- 
perimental section, the TBTS [8] , in parallel to a second 
low-current beam, the so-called probe beam, which is 
then accelerated in a CLIC prototype accelerator struc- 
ture (ACS) shown in Fig. 1, using the energy extracted 
from the drive beam. 

The TBTS is part of the CTF3 complex sketched in 
Fig. 2 where a 4 A drive beam consisting of a 1.2 fis long 
train of electron bunches extracted from a thermionic gun 
at 1.5 GHz is accelerated in a normal conducting linac to 
an energy of about 150 MeV. Its bunch frequency and its 
current are multiplied up to a maximum of 12 GHz and 
28 A, respectively, by means of a delay line called delay 
loop and a ring called combiner ring, in order to build 
the time structure needed to efficiently produce 12 GHz 
RF power in the PETS. The probe beam is generated on 
a photocathode in a linac called CALIFES [11] and then 
sent to the TBTS for two-beam acceleration experiments. 
A comparison between CLIC and CTF3 beam parame- 
ters is given in Table I. The final drive beam time struc- 
ture at CTF3 is the same as the CLIC one although in 
CTF3 it is achieved using a different combination of de- 
lay lines and rings than in CLIC. The beam current and 
energy (before deceleration) are lower in CTF3 than in 
CLIC. The CLIC main beam and the CTF3 probe beam 
have the same time structure but different energy (be- 
fore acceleration) and current, the latter being limited by 
beam loading and space charge in the accelerator struc- 
tures used in the CALIFES hnac [12]. The two-beam 
acceleration was successfully demonstrated at CTF3 in 
2010 [13] and afterwards even beyond the CLIC nominal 
requirements of 100 MV/m [14]. Nevertheless other ex- 
perimental aspects are addressed at the TBTS which are 
connected to the acceleration technology. 



III. EXPERIMENTAL SET-UP 

The TBTS consists of two parallel beam lines designed 
to test power extraction from the CTF3 drive beam in a 
CLIC prototype PETS and its transfer through a waveg- 
uide network to a probe beam which is accelerated in 
a CLIC prototype ACS. Both beam lines consists of a 
11m long straight section ending with a 1.6 m long spec- 



trometer line where the beam energy is measured before 
the beam dump. Both beam lines are equipped with 
five inductive Beam Position Monitors [15] (BPMs), two 
upstream and three downstream of each structure, the 
last one being in the spectrometer line. The probe beam 
line sketched in Fig. 3 is also equipped with two cavity 
BPMs [16] downstream of the ACS. They were recently 
installed to resolve fast changes in the beam orbit thanks 
to their bandwidth of 600 MHz centred at a frequency of 
6 GHz which makes them insensitive to the low frequency 
noise visible on the inductive BPM signals. 

Both beam lines are equipped with removable imag- 
ing screens which are used to measure the beam spot 
either just before or after the dipole magnet which bends 
the beam in the spectrometer line. The screen in the 
spectrometer line of the probe beam is a high sensitiv- 
ity fluorescent screen whereas at the end of the straight 
section of the beam line, before the spectrometer, both 
an OTR or a scintillating screen [17] are available. The 
measurements discussed in this paper are based on the 
latter. 

The ACS installed in the TBTS is a CLIC prototype. 
It is a X-band travelling wave resonant structure made of 
copper. It consists of 24 regular cells, i.e. cells providing 
nominal field gradient, plus 1 input and 1 output match- 
ing cells. The phase advance per cell is 2/3 tt. Its total 
length is 22.77 cm. It has a small aperture and a strong 
linear tapering - group velocity varies from 1.62% in the 
first cell to 0.81% of the speed of light in the last cell [3]. 
No high-order modes (HOM) damping material are in- 
stalled in this prototype. It is equipped with directional 
couplers at its input and output ports. Their output sig- 
nals are sent to diode detectors and IQ demodulators and 
then calibrated for power level and phase measurements. 

Every time that a drive beam bunch-train is sent into 
the PETS it excites electromagnetic radiation peaked at 
12 GHz, which is sent to the ACS in the probe beam 
through a waveguide network. Such a RF pulse is used to 
accelerate a probe beam bunch-train that is sent into the 
ACS synchronous with the RF. The probe beam is gener- 
ated in the CALIFES linac and accelerated to an energy 
of about 180 MeV before entering the TBTS. Because 
we observed slow fluctuations of the energy and orbit of 
the probe beam over a few- minute time scale, we need 
to consider relative measurements between accelerated 
and non- accelerated bunch- trains which are subsequent 
in time. This can be achieved in the TBTS operating 
the probe beam at twice the repetition rate of the drive 
beam. We successfully operated the drive beam up to 
a repetition rate of 2.5 Hz and the probe beam up to 
a repetition rate of 5 Hz. This way it was possible to 
have a RF pulse sent to the ACS every second probe 
beam pulse and therefore to accelerate every other probe 
beam bunch-train, with a non- accelerated bunch-train in 
between. 



FIG. 1. Side view of the probe beam line of the Two-beam Test Stand at the CLIC Test Facihty 3. The beam Une is fed with 
an electron beam from the right hand side of the figure. The beam is accelerated in a CLIC prototype accelerator structure 
and its energy measured in a spectrometer line before the beam dump on the left hand side of the figure. 




FIG. 2. Sketch of the CLIC Test Facility 3 at CERN. An elec- 
tron drive beam is accelerated in a normal-conducting linac 
and its bunch frequency and current multiplied by means of a 
delay loop and a combiner ring. The beam is then sent to the 
Two-beam Test Stand experimental hall where the CALIFES 
linac is also installed to provide a second electron beam which 
is as well sent to the Two-beam Test Stand probe beam line 
for two-beam acceleration experiments. 



IV. EFFECT OF THE ACCELERATION ON 
THE BEAM 

Two representative examples of beam spots measured 
on the screen installed before the spectrometer line (see 
Fig. 3) are shown in Fig. 4(a) and Fig. 4(b). Both beam 
spots were measured when neither the quadrupole triplet 
nor the correctors between ACS and screen were powered, 
i.e. the beam was following a ballistic trajectory after the 
ACS. The beam spot in Fig. 4(a) stems from a bunch- 
train accelerated in the ACS by about 23 MeV whereas 
the beam spot in Fig. 4(b) corresponds to a bunch-train 
non- accelerated in the ACS. The size of the latter is de- 
termined in the CALIFES linac and is about 0.4 mm in 
both planes throughout this experiment. We observed 



that the centroids of the two beam spots have different 
positions and shapes. The centroid position is calculated 
by means of a fit of a 2D-Gaussian to the beam spot im- 
age and is found to differ by 0.40 ± 0.10 mm between the 
two cases. Such difference was not due to any changes 
in the incoming beam orbit as the beam centroid mea- 
sured on the screen was stable within ±0.13 mm from 
pulse to pulse. In Fig. 4(e) we show the beam orbit 
measured by the cavity BPM installed just before the 
imaging screen. The two upper-most signals correspond 
to the bunch-trains whose spot is shown in Fig. 4(a) 
and Fig. 4(b), the accelerated one at the top and the 
non-accelerated one in the middle. The signal at the 
bottom corresponds to a breakdown and is discussed in 
Sec. V. The accelerated and non-accelerated orbits are 
about 0.26 mm apart on the vertical plane whereas their 
shift is negligible on the horizontal plane. Given the dis- 
tances of the screen and the cavity BPM from the ACS of 
5 m and 3.4 m respectively, the orbit difference measured 
with the BPM would be expected to have a difference of 
0.26- (5/3.5) = 0.37 mm between the centroid of the beam 
spots measured on the screen, which is in agreement with 
what was measured. In other words, the beam was al- 
ways kicked vertically by about 0.07 mrad whenever it 
was accelerated. Such kick corresponds to a momentum 
of about 13 keV/c for a beam energy of 180 MeV. Such 
effect is consistent with a misalignment of the ACS with 
respect to the rest of the beam line. Given a total en- 
ergy gain of 23 MeV in the 23 cm long ACS, a tilt of 
0.013/23 0.57 mrad would correspond to a displace- 
ment of (0.23/2) • 0.57 = 66 fim which is consistent with 
the mechanical accuracy of the alignment of the ACS in 
the beam line [18]. It is worth noting that even if the 
beam could be steered on an orbit which was stable ir- 
respective whether the beam was accelerated or not, we 
chose to maintain the shift between accelerated and non- 
accelerated orbits. That permits an indirect measure- 
ment of the beam energy change, even if it introduces a 
bias in the measurement of transverse breakdown kicks 
as discussed in sec. V. 

Beyond the position of the centroids of the two beam 
spots in Fig. 4(a) and Fig. 4(b), we also observed that 
both their shapes and orientations are different. First of 
all it is worth noting that the beam spot corresponding to 
the non- accelerated bunch-train in Fig. 4(b) is elliptical 
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FIG. 3. Sketch of the probe beam hne of the Two-beam Test Stand at the CLIC Test Facihty 3. The CLIC prototype accelerator 
structure is fed with RF power produced in the Power Extraction and Transfer Structure installed in the drive beam line. The 
probe beam line is equipped with two quadrupole triplets, steering magnets, inductive and cavity Beam Position Monitors, 
removable imaging screens and directional couplers at the input and output ports of the accelerator structure. A spectrometer 
line is used to measure the beam energy just before the beam dump. 



and tilted, which indicates coupling between the hori- 
zontal and the vertical plane. This coupling is caused by 
solenoids in the CALIFES linac, both close to the pho- 
tocathode and in the solenoids surrounding the accelera- 
tion structures. On the other hand, no solenoidal field is 
present in the TBTS therefore we attribute the change in 
size and orientation of the accelerated bunch-train to the 
field in the ACS. If we consider that the beam size of the 
accelerated beam spot measured on the screen is almost 
doubled with respect to the non-accelerated one, such 
change can be accounted for by a defocusing quadrupole 
with a focal length of 5 m. A more accurate description 
of the RF focusing introduced by the ACS requires more 
knowledge of the beam characteristics such as the cou- 
pling on the transverse plane, whose measurement is not 
implemented in the current set-up. 



V. EVIDENCE FOR BREAKDOWN EFFECTS 
ON THE BEAM 

When a RF breakdown occurred in the ACS while the 
beam was accelerated, we often observed a beam spot like 
the one shown in Fig. 4(c). Such spot must be compared 
with the two immediately preceding accelerated and non- 
accelerated beam spots in Fig. 4(a) and Fig. 4(b), respec- 
tively. A second spot is visible in Fig. 4(c) below the 
original spot, which we explain as resulting from part 
of the bunch-train receiving a transverse momentum in 
correspondence of the breakdown location in the ACS, 
and therefore travelling on a different orbit and hitting 
the screen in a different position. To verify that such 
a secondary spot was part of the beam and not the re- 
sult of dark current spread during the breakdown, we 
recorded images of dark current corresponding to break- 



down in the ACS without the beam, and this always 
showed low intensity currents spread over a wide por- 
tion of the screen. Therefore dark current could be dis- 
tinguished in every case from the beam and it can be 
excluded as possible source of secondary spots detected 
in breakdown events. The explanation offered for the 
appearance of a second beam spot is supported by the 
measurements of the beam orbit on a nano-second time 
scale with the cavity BPM installed just before the imag- 
ing screen, as shown in Fig. 4(e). The orbit of the first 
part of the bunch-train - from 180 ns to 250 ns - is the 
same of the orbit of an accelerated bunch-train when no 
breakdown happens in the ACS, i.e. it gets full acceler- 
ation in the ACS. Afterwards the orbit shifts in about 
10 ns vertically downwards by about 0.75 mm. It oscil- 
lates for the remaining length of the bunch-train but it 
never shifts back to its initial orbit. It is worth noting 
that the overshoot visible at the beginning of the signal 
is due to the read-out electronics and that it is not re- 
lated to the beam orbit. Moreover it is a feature observed 
in all the signals read-out from the cavity BPMs in the 
beam line. Therefore if we disregard the first 20 ns of 
such signals, we can identify two main trajectories, the 
first one corresponding to the fully accelerated beam and 
the second one corresponding to the beam affected by the 
breakdown. These two orbits will result in two distinct 
spots on the imaging screen. The position of such spots 
is calculated as the distance between the two maxima of 
the sum of two 2D-Gaussian fitted to the beam image and 
is 1.1 mm in Fig. 4(c). Given the distance of the screen 
and the cavity BPM from the ACS, the distance between 
the two spots measured on the screen corresponds to the 
shift of the beam orbit measured by the BPM in Fig. 4(e) 
and it is 1.1 • (3.4/5) = 0.68 mm. 

A further indication that the rapid deviation of the 
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FIG. 4. Collection of measurements from three consecutive bunch-trains and prediction of the beam spot in case of RF 
breakdown: (a) non- accelerated bunch-train; (b) accelerated bunch-train; (c) bunch-train corresponding to a RF breakdown in 
the accelerator structure; (d) prediction of the beam spot in case of RF breakdown; (e) beam orbit measurements; (f) power 
measurements corresponding to a RF breakdown in the accelerator structure. 
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beam orbit measured with screen and BPM is correlated 
with a RF breakdown in the ACS is given by the RF mea- 
surement as shown in Fig. 4(f), where the three signals 
are corrected for the ohmic losses in the ACS and the 
waveguides up to the measurement point. It can be seen 
that When a breakdown occurs we observed that almost 
100% of the power fed into the ACS is reflected back- 
wards. The time at which a reflection is measured is con- 
sistent with the time at which the beam orbit recorded 
by the BPM starts changing. 



VI. BREAKDOWN SCENARIOS 

The RF breakdowns measured during this experi- 
ment have different characteristics and in addition to the 
breakdown in Fig. 4 discussed in sec. V, we discuss here 
two particular cases to illustrate other breakdown sce- 
narios. First the plot in Fig. 5(e) shows a case in which 
the beam is accelerated for about 20 ns until its ver- 
tical orbit drifts upwards over about 65 ns and finally 
remains consistent with the orbit of a non-accelerated 
bunch- train. The 65 ns drift time of the accelerated or- 
bit towards the non-accelerated corresponds to the filling 
time of the ACS. This suggests the following explanation: 
the first 20 ns of the bunch-train are fully accelerated 
and then a breakdown happens close to the input port 
of the ACS. From that moment on, most of the power 
fed to the structure is refiected backwards and therefore 
the power which fills the ACS flows towards its output 
port in 65 ns until the ACS is left almost completely 
empty. The beam which in the meantime is still travel- 
ling in the ACS is less and less accelerated therefore its 
orbit slowly drifts towards the orbit of a non- accelerated 
bunch-train. Because of the small group velocity in the 
ACS - from 1.6% to 0.8% of the speed of light - we can 
estimate the location of the breakdown in the ACS by 
comparing power measurements at the input and out- 
put directional couplers (see Fig. 3). For the breakdown 
event in Fig. 5 we estimated the breakdown to be lo- 
calised in the sixth cell of the structure, therefore close 
to its input port. Moreover the RF measurements for this 
event in Fig. 5(f) show that almost 100% of the RF fed to 
the ACS is reflected backwards and that the amount of 
power that leaks through the breakdown location drops 
in about 10 ns down to 50% of the input power, and then 
down to zero during the following 50 ns. Already at 50% 
of the input power the acceleration is reduced by a factor 
\pl which is consistent with the drift of the beam orbit 
from the accelerated to the non accelerated one as shown 
by the BPM signal in Fig. 5(e). 

A second breakdown scenario is shown in Fig. 6 where 
the beam orbit measured with a cavity BPM has a dip 
in correspondence of a breakdown which lasts for about 
20 ns. In this case, during the breakdown the orbit is 
pushed away from the non- accelerated one as it was the 
case for the breakdown shown in Fig. 5, suggesting that 
little or no contribution comes from lack of accelerating 



gradient after the breakdown location or that the break- 
down happened towards the output port of the ACS. The 
estimation of the breakdown location based on RF mea- 
surements supports indeed the latter hypothesis, i.e. that 
the breakdown happened in the last cell of the ACS. 

To test the explanation that we offered to describe a 
breakdown in the ACS and its effect on the beam orbit 
and energy, we try to predict how the beam spot looks 
like on the imaging screen for the breakdown shown in 
Fig. 4(c) and Fig. 5(c). According to what discussed 
above, we expect the breakdown beam spot to be a 
mixture of both the non-accelerated and the accelerated 
beam spots. When the bunch-train is fully accelerated in 
the ACS its spot corresponds to an unperturbed acceler- 
ated beam spot, whereas after a breakdown we expect it 
to be a mixture of accelerated and non-accelerated spots 
according to the proximity of the orbit to the accelerated 
or non-accelerated orbits, respectively. In other words, 
the breakdown spot can be expressed by a linear com- 
bination of the accelerated and of the non- accelerated 
beam spots, whose coefficients at a given time along the 
bunch-train are derived from the BPM measurements, 
according to the proximity of the breakdown orbit to the 
accelerated or non- accelerated orbit, respectively. The 
results obtained are shown in Fig. 4(d) Fig. 5(d). We 
want to stress that the displacement of the beam orbit 
in case of a RF breakdown can be due to two different 
effects, the lack of power in the structure due to its reflec- 
tion and the direct effect of the breakdown on the beam. 
When both affect the beam orbit in the same direction 
the two effects cannot be disentangled unless we use the 
BPM in the spectrometer line, which is obscured by the 
screen used in our measurements. 



VII. STATISTICS 

The histogram in Fig. 7 shows the distribution of the 
magnitude of angular kicks to the beam orbit measured 
in 246 events on July 12, 2012. As mentioned above, this 
estimation is biased by the effect of the lack of power in 
the ACS that contributes to the modiflcation of the beam 
orbit. The measured transverse kicks to the beam in case 
of breakdown are distributed around 0.16 ± 0.08 mrad 
or 29 =b 14 keV/c and such magnitude can be taken as 
worst case scenario in which the lack of acceleration does 
not contribute to the kick of the beam orbit. Finally, 
we looked for correlations between the magnitude of the 
kick angle and the location of the breakdown in the ACS 
or the energy dissipated in the breakdown. The latter is 
the calculated by subtracting reflected and transmitted 
power from the power fed to the structure, after correct- 
ing all RF measurements for the attenuation of waveg- 
uides and ACS. None of these correlations is statistically 
signiflcant. 
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FIG. 5. Collection of measurements from three consecutive bunch-trains and prediction of the beam spot in case of RF 
breakdown: (a) non- accelerated bunch-train; (b) accelerated bunch-train; (c) bunch-train corresponding to a RF breakdown in 
the accelerator structure; (d) prediction of the beam spot in case of RF breakdown; (e) beam orbit measurements; (f) power 
measurements corresponding to a RF breakdown in the accelerator structure. 
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non- accelerated bunch-train at the top, an accelerated one in 
the middle and one corresponding to a RF breakdown during 
the acceleration at the bottom. The bleep in the bottom 
signal corresponds to the effects of a short breakdown that 
displaces downwards the beam orbit. 
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FIG. 7. Distribution of the magnitude of RF breakdown kicks 
to the beam orbit. 



VIII. CONCLUSIONS 

We measured evidence of the effect of RF breakdown 
on the TBTS probe beam accelerated in a CLIC proto- 
type structure. The orbit of bunch-trains accelerated in 
the presence of a breakdown in the ACS, showed trans- 
verse displacement which we explain as resulting from 
part of the bunch-train receiving a transverse momen- 
tum in correspondence of the breakdown location, and 
therefore travelling on a different orbit. Both parts of 
such bunch-trains were also intercepted and measured 
on a scintillating screen where they resulted in two dis- 
tinct spots whose distance is compatible with the orbit 



measured with the BPM in the beam line. We refer to 
this transfer of transverse momentum to the beam as RF 
breakdown kick and we observed that it does not de- 
pend on the amount of power dissipated by a breakdown 
nor on the location at which a breakdown takes place. 
We measured and discussed different examples of such 
kicks which suggest different scenarios according to spe- 
cific breakdown strength, duration and location in the 
accelerator structure. 

Furthermore we observed another source of transverse 
kicks to the beam orbit which overlaps with the kicks 
given by breakdown. Such kick was found to be account- 
able to a misalignment between the beam orbit and the 
axis of the accelerator structure, and it always had a well 
defined magnitude and direction. It represents a bias 
in the measurements of breakdown kicks though, which 
was not possible to subtract. Nevertheless it provided 
an indirect an indirect measurement of the beam energy 
during a breakdown, which we did not measure directly 
due to the low resolution of the BPM in the spectrometer 
line. 

The average magnitude of transverse kicks to the beam 
measured in this experiment is of 29 ± 14 keV/c in terms 
of transverse momentum transferred to the beam, or 
0.16 ± 0.08 mrad in terms of the angle given to the 
180 MeV probe beam. We consider as worst case sce- 
nario the case in which only RF breakdown contribute to 
the measured kicks because such kicks cannot be avoided. 
The worst place where a breakdown kick can happen in 
CLIC is at the beginning of the main linac where the 
beam energy is 9 GeV. For such energy a transverse kick 
of 29 keV/c corresponds to a kick angle of about 4 /irad. 
It is worth noting that such angle is one order of mag- 
nitude bigger than the nominal CLIC beam divergence 
of about 0.3 /irad, assuming a vertical normalised emit- 
tance of 10 nm mrad and a beta function of 10 m at the 
beginning of the main linac. 

On the basis of our observations we suggested an ex- 
planation of how the beam energy is affected by a break- 
down, due to the reflection of power at the breakdown 
location and the resulting change of the net acceleration 
in the accelerator structure. We offered a model to pre- 
dict how the beam spot looks like in case of a break- 
down, starting from measurements of breakdown beam 
orbit and non-breakdown beam spots. The result ap- 
proximates the measurement although a more complete 
model which takes into account the phase of the reflected 
power might help achieving increased agreement with the 
measurements. 
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